Background: The global burden of child undernutrition is concentrated in South Asia, where gender inequality and female
Introduction
Nutrition has been called ''one of the great missed opportunities'' of the Millennium Development Goals (MDGs) 10 era (1) . Despite substantial progress toward the first MDG (MDG 1) aim of eradicating extreme poverty and hunger (2, 3) , undernutrition in early life was implicated in 45% of child deaths worldwide in 2011 (4) . Childhood undernutrition is also linked to poor health and developmental trajectories, lower educational attainment, shorter stature and increased risk of noncommunicable diseases in adulthood, and reduced earnings and productivity for individuals and nations (4, 5) .
The global burden of child undernutrition is disproportionately concentrated in South Asia and, in particular, India, which has a very high prevalence of malnutrition and the highest absolute burden of malnourished children of any country (2) . The prevalence of underweight children under 5 y old is an indicator of progress toward MDG 1. An analysis of data from 3 rounds of IndiaÕs National Family Health Survey showed a pattern of gradual improvement in this measure, with 49.1% of children aged <5 y underweight in 1992-1993 and 40.2% in 2005-2006 (6) . However, progress has been insufficient for India to meet its MDG 1 target to halve the proportion of underweight children by 2015 (2) , and there is evidence that social inequalities in malnutrition are increasing (6) . These factors also underlie IndiaÕs failure to achieve its MDG 4 commitment to reduce by two-thirds its mortality rate for children under 5 y old by 2015.
The phenomenon of persistent and unusually high prevalences of child undernutrition in South Asia compared with countries at similar levels of income or economic growth has been 2016 American Society for Nutrition. referred to as the ''Asian enigma'' (7) . Research into why malnutrition has proven so intractable in this context shows its complex etiology (8) . The immediate causes of undernutrition reflect a negative synergy between inadequate food intake and repeated infectious diseases (8) . Underlying these causes is a constellation of factors particularly salient to South Asia and India. These include especially poor sanitation and high rates of open defecation (9) leading to infection and environmental enteropathy (10, 11) ; inadequate reach of health services and weaknesses in design and implementation of nutritional programs and policies (12, 13) ; and economic, political, and social determinants including economic growth and income distribution (6, 14) , deficiencies in governance and strategic leadership (15) , and the status of women (7, 15) .
The UNÕs 2016-2030 Sustainable Development Goals provide a new impetus to develop effective nutritional interventions for lagging populations (16) . This article explores the relation of a novel characteristic-maternal health literacy-to child undernutrition. Health literacy has been defined as ''the degree to which individuals have the capacity to obtain, process, and understand basic health information and services needed to make basic health decisions'' (17) . Poor health literacy is believed to limit recognition and understanding of health problems and interactions with the health care system (18) . Health literacy is an acknowledged determinant of population health in high-income settings (19) ; however, studies in low-and middle-income countries are only now being initiated (20, 21) .
We exploit a unique data set to investigate the hypothesis that maternal health literacy is inversely associated with child undernutrition in India. Our aims were to provide an up-to-date picture of early childhood growth in 2 Indian populations with poor living standards and to explore the correlations between maternal health literacy and child nutritional outcomes in these contexts. We focus on maternal health literacy because it is related to gender empowerment, capable of influencing a wide range of determinants of malnutrition, and potentially rapidly modifiable through intervention.
Methods

Study design and setting
We conducted interviewer-administered cross-sectional surveys from May to October 2013 at 2 sites in India, targeting households containing $1 woman with a child aged 12-23 mo. Study design and methods have been described elsewhere (20) . Briefly, data were collected by using identical instruments and procedures from a poor-performing rural district (Hardoi, Uttar Pradesh) with a population of ;4 million (22) and from an urban slum settlement in New Delhi (Kirti Nagar) comprising ;20,000 households in 9 neighborhoods. With an estimated mortality rate of 89.6/1000 (Uttar Pradesh: 74.9; India: 57.3) among children under 5 y old in 2012 (23), Hardoi is among 81 (of 640) districts accounting for one-third of IndiaÕs 2012 child mortality (24) . Mortality among children under 5 y old in the Union territory of Delhi, IndiaÕs national capital, was 32.4/1000 in 2012 (24) . In 2013, an estimated 50.4% of children 0-59 mo of age residing in Uttar Pradesh were stunted, 34.3% were underweight, and 10% were wasted (25) . Corresponding values for Delhi showed that 29.1% of children aged 0-59 mo were stunted, 19.4% were underweight, and 14.3% were wasted (25) . Official statistics for Kirti Nagar were unavailable. Ethical approval was obtained from the Pratham (New Delhi, India; approval date, 10 December 2013) and Centre de recherche du centre hospitalier de l'Université de Montréal (CRCHUM) (Montreal, Canada; approval number CE 12.391) research ethics committees.
Participants and sampling
All mothers of children aged 12-23 mo residing in a study site were eligible to participate. We excluded women not able to understand and speak Hindi or Urdu. We sampled 1 mother/household and 1 child/ mother, selecting the youngest child in the age group of 12-23 mo. The rural site used 2-stage probability proportional-to-size cluster sampling (26) . A census was conducted in the urban site (20) .
The study size was calculated for each site independently in relation to the principal hypothesis, which concerned the association between maternal health literacy and child vaccination (20) . For this analysis, calculations assuming a significance level of a = 0.05 and a power of 80% indicated a sufficient sample size to detect a difference between exposed and unexposed groups for a dichotomous outcome representing nutritional status, under diverse assumptions concerning effect size and clustering. We considered a difference of $10% in the proportion of children with poor nutritional status in exposed compared with unexposed groups to be important.
Variables, data sources, and measurement
Main outcome. This analysis focuses on 3 main outcomes: severe stunting, severe underweight, and severe wasting in children aged 12-23 mo at the time of the interview. Data on childrenÕs age, height, and weight were collected by using standard procedures (27) . Weight was measured in a sitting posture on a weighing scale. Age was taken from the childÕs immunization card if available; otherwise, from records of the local community health (Anganwadi) worker or by parentsÕ estimation. Height (recumbent length in children <24 mo) was measured by using an infantometer with a sensitivity of 0.1 cm. Two persons collaborated to position the child for accurate measurement. Weight was measured by using a digital weighing scale with a sensitivity of 100 g. Surveyors were trained and supervised by a nutritionist holding a Master of Science degree with experience in anthropometric measurement. Scales were calibrated weekly by using a standardized weight.
We calculated z scores of height-for-age (HAZ), weight-for-age (WAZ), and weight-for-height (WHZ) with the use of the WHO Anthro Software Package (28) for Stata 13. Age was computed in days. We examined the data for accuracy and eliminated cases with biologically improbable values (28) . We classified children as stunted, underweight, or wasted if their z score was <22 SDs from the WHO Multicenter Growth Reference Study population for children of their age and sex (27) . Children with z scores <23 SDs from the corresponding reference population were classified as having a severe nutritional deficiency (27) .
Exposure variable. At the time of our survey, there was no widely accepted tool to measure health literacy in developing countries. We developed our own instrument (29) from Indian child health promotion materials, applying a current systematic review to conceptualize domains (30) . Tool development has been previously described (20) . Briefly, surveyors assessed respondentsÕ ability to understand, appraise, and apply health-related information by asking simple, factual questions concerning 3 images-1) a government poster to promote immunization, 2) a poster to promote oral rehydration salts for diarrhea, and 3) IndiaÕs immunization card-each containing pictorial and written elements. For each image, surveyors followed a 3-step algorithm. First, to test spontaneous pictorial recognition or literacy, the respondent was invited to identify the topic conveyed by the image. No prompts were given. Second, to ensure a level playing field for illiterate individuals, surveyors slowly read a short text describing the image and its meaning and provided correct answers before eliciting responses. Third, the surveyor posed 2 factual questions on the basis of the text to assess comprehension. Responses were used to categorize participants into site-specific tertiles of high, medium, or low health literacy via exploratory factor analysis (20) . The tool is publicly available (29) .
Potential confounding factors and effect modifiers. We studied the scientific literature to identify possible confounding factors of the association between maternal health literacy and early childhood undernutrition. Maternal and paternal education, maternal age, religion, household wealth, and childÕs age, sex, and birth order are associated with child nutritional status in India (6, 31) and worldwide (14) . Open defecation at the household and community levels (9) has been implicated in stunting. For the rural site, we also used village electrification (none, #6 h/d, >6 h/d) to represent general living conditions, the proportion of households practicing open defecation to represent village sanitation (9) , and the number of Integrated Child Development Services centers per village to represent availability of child nutrition services.
Maternal age was analyzed as a continuous variable. Respondents often reported number of years of education approximately. To enhance precision, maternal and paternal years of education were coded into 4 categories; regression analyses included a score ranging from 0 to 6 representing the sum of maternal and paternal education categories (20) . We performed principal components analysis to construct a relative index of household wealth from a list of assets developed from IndiaÕs major national surveys (23, 31, 32) , and used this index to divide the sample into quintiles (33) .
Statistical methods
Descriptive analyses. We used frequencies and proportions to summarize categorical data and means and SDs for continuous variables. We assessed crude associations with the use of univariable logistic regression for continuous variables and the chi-square test for categorical variables. For the rural site, descriptive analyses were performed within a multilevel model to account for village-level clustering.
Multivariate analyses. We estimated multivariate logistic regression models to investigate the relation between maternal health literacy and 3 binary outcomes: severe stunting, severe underweight, and severe wasting. Analytic approaches were prespecified by using covariates drawn from the scientific literature and Directed Acyclic Graphs (34) to clarify causal relations (Supplemental Figures 1 and 2 , Supplemental Methods). Analyses were implemented separately for rural and urban sites.
For the rural site, we analyzed data with the use of a multilevel logistic regression model with children, mothers, and households (level 1) nested in villages specified as random effects (level 2). We first estimated a model containing only a random intercept to assess clustering of variance. Model 1 included maternal health literacy as a predictor of the outcomes of interest. Model 2 represented the minimum adjustment set, adding maternal age and wealth quintile as potential confounding factors. Model 3 included a full set of level 1 covariates (maternal age, parental education, childÕs birth order, childÕs age, childÕs sex, religion of the household, presence of a toilet facility, and wealth quintile). Model 4 included all model 3 variables and 3 additional village-level variables (village electrification, proportion of households practicing open defecation, and number of Integrated Child Development Services centers).
For the urban site, we used logistic regression with fixed effects to represent measured and unmeasured sources of neighborhood variation. Models 1, 2, and 3 were otherwise identical to those for the rural site.
Other analyses. The childÕs age was often not known precisely. A subsample of households possessed immunization cards [rural: n = 483 of 1116 (43.28%); urban: n = 495 of 647 (75.34%)] indicating the childÕs date of birth. An independent-samples t test was conducted to compare nutritional status z scores in children with and without vaccination cards. We used StataÕs ''sdtest'' procedure to verify the assumption of homogeneity of variances. In cases in which this assumption was not satisfied, we used an independent 2-sample t test with unequal variances.
We examined several alternative formulations of the dependent variable. We used linear regression (urban) and multilevel mixed-effects linear regression (rural) to model the HAZ, WAZ, and WHZ for each child. We also considered the binary outcomes of moderate stunting, underweight, and wasting defined by z score cutoffs of 22 SDs (27) . Analytic approaches replicated those for the main analysis (3). To assess the impact of fixed-compared with random-effects assumptions, we considered alternative models representing village as a fixed effect in the rural site and neighborhood as a random effect in the urban site.
To assess whether the effect of health literacy on child nutritional status differed significantly between urban and rural settings, we estimated a combined mixed model with 69 clustering variables (60 villages and 9 slum clusters). We created a standardized health literacy variable by applying cutoffs for high, medium, and low health literacy categories from the rural site to the entire sample. Models included an indicator variable for setting (urban = 1, rural = 0) and interaction terms between the setting indicator and the health literacy variables.
We used restricted cubic splines to explore potential nonlinearity in the relations between maternal health literacy score and the 3 nutritional outcomes. Splines included 3 knots with locations based on HarrellÕs recommended percentiles (35) . AkaikeÕs information criterion and the Bayesian information criterion were used to compare models with cubic splines with those assuming a linear health literacy score relation.
Formal education is a particularly important potential confounder. Detailed analyses of the relation between maternal (parental) education and health literacy have been previously presented (20) .
Analyses were restricted to individuals with complete data on all variables. Correlations with a P value of <0.05 were viewed as significant. Analyses were implemented in Stata 13.
Results
Participants. In the rural site, 1192 women from 60 villages were confirmed to be eligible and included in the study; 93.6% (1116 of 1192) had complete data and were included in the analysis. In the urban site, 685 women from 9 neighborhoods were confirmed to be eligible and included in the study; 95.9% (657 of 685) had complete data and were included in the analysis.
Descriptive and outcome data. Nutritional deficiencies affected a majority of children in each site; patterns of deprivation differed for rural ( In each site, <1% of children were overweight (z score >2) (36) or obese (z score >3) (36) . Prevalences of rural child undernutrition resemble those previously reported in Uttar Pradesh, whereas deprivation levels for the Delhi slum pocket are considerably higher than those for Delhi (31) (Supplemental Table 2 ). Associations between child undernutrition and household economic status, maternal and paternal education, religion, toilet facilities, and childÕs age, sex, and birth order are similar to those previously reported (31) . An independent-samples t test revealed no significant differences in mean nutritional status z scores between children without vaccination cards and children with vaccination cards in the rural [mean difference (MD) 6 SE: severe stunting, 0.02 6 0.03; P = 0.58; severe underweight: 0.04 6 0.03; P = 0.09; severe wasting: 0.03 6 0.02; P = 0. 17] and urban (severe stunting: 20.02 6 0.05; P = 0.67; severe wasting: 0.02 6 0.02; P = 0. 26) study sites, with the exception of severe underweight, which was more common in urban children without vaccination cards (0.08 6 0.04; P = 0.036). In both sites, maternal health literacy was positively correlated with motherÕs education, fatherÕs education, and household wealth quintile; motherÕs education was most closely related to maternal health literacy. Maternal health literacy was associated with severe child stunting and with severe underweight in rural (Table 1 ) and urban (Table 2) sites.
Main results. Crude and adjusted models for rural ( Table 3 ) and urban ( Table 4 ) sites showed an important inverse association between high (compared with low) maternal health literacy and severe child stunting and between high (compared with low) maternal health literacy and severe child underweight. Moderate (compared with low) maternal health literacy was also associated with a lower prevalence of severe stunting in the rural site. There was no association between health literacy and severe wasting in either site.
Other analyses. Analyses considering the continuous z scores of HAZ, WAZ, and WHZ as alternative dependent variables revealed patterns very similar to those that used categorical variables on the basis of the cutoffs of 23 SDs. The benefits associated with high health literacy were particularly important in the rural site, where fully adjusted models found high health literacy to be associated with a z score improvement of ;1.5 SDs for HAZ and 1.4 SDs for WAZ compared with low health 1192) ; sex of child, 0.17% (2 of 1192), and birth order, 0.8% (10 of 1192). Severe stunting, severe underweight, and severe wasting: height-for-age, weight-for-age, and weight-for-height z scores ,-3 SDs of the WHO Child Growth Standards median (27) , respectively. P values were derived by using PearsonÕs chi-square test. 2 Low, medium, and high health literacy categories were created by dividing a health literacy score into tertiles.
literacy ( Table 5) . Coefficients for HAZ and WAZ in the urban site were also significant but smaller in magnitude (Supplemental Table 3 ). Estimates derived by using alternative definitions of the outcome variable (22 SD cutoffs) or modeling approaches (fixedand random-effects assumptions) yielded conclusions similar to the main analysis on the basis of cutoffs of 23 SDs. A sensitivity analysis pooling data from both study sites confirmed that children of mothers with high health literacy had approximately half the likelihood of severe stunting or severe underweight than those with low health literacy. For severe stunting, a formal test of interaction between health literacy and site was significant (P = 0.027), and the effect of high health literacy was greater in rural areas. For severe underweight and severe wasting, the effects of high health literacy did not differ between rural and urban settings. We did not find evidence of a nonlinear relation between the maternal health literacy score and nutritional outcomes. 
Discussion
Principal findings. We measured early childhood growth in 2 disadvantaged Indian populations. Child nutritional status was alarmingly poor. The WHO malnutrition classification assesses the severity of nutritional deprivation in a community in 4 categories (low, medium, high, and very high) by using prevalence ranges among children <5 y of age (37) . According to the WHO classification, in both rural and urban sites the prevalence of child stunting and underweight documented in this study reflected a very high severity of malnutrition. We used statistical modeling to investigate the relation between maternal health literacy and child nutritional outcomes in these contexts. In both study sites, children of mothers with high health literacy had approximately half the likelihood of severe stunting or severe underweight than those with low health literacy. For severe stunting, the beneficial effect of maternal high health literacy was greater in the rural site. For severe underweight and severe wasting, the effects of high health literacy did not differ between rural and urban settings.
Limitations. We highlight 3 sets of limitations. First, data were unavailable for several potentially important variables. For example, maternal nutritional status (BMI and short stature) is associated with fetal growth restriction, child stunting, and child underweight (4). Maternal nutritional status reflects complex genetic and environmental effects across the life course and could be partly influenced by maternal health literacy. Child birth weight is affected by maternal characteristics and behaviors and is correlated with child nutritional status. Environmental enteropathy and infectious diseases in childhood are prevalent in our study populations (38) and play a critical role in child undernutrition (4, 10) . Higher maternal health literacy could reduce the frequency or severity of these common childhood conditions. These variables suggest several mechanisms whereby maternal health literacy might contribute to child undernutrition. To the extent that these variables lie on the causal pathway, it would be inappropriate to adjust for them in statistical models. Second, ''health literacy'' has been conceptualized and measured in diverse ways, which hampers the comparability of results across studies and settings. Exposure measurement in our study is likely imprecise. A validated tool is now available (21) . Third, because this study used a cross-sectional design, we cannot infer a causal relation between maternal health literacy and child nutritional status (underweight, stunting). Residual confounding due to measurement error in confounding factors and unmeasured confounding may remain.
Interpretation. This is the first published study to our knowledge to examine the relation between maternal health literacy and child nutrition. Results from multiple analyses and both study sites converge to suggest that high maternal health literacy has a strong and consistent correlation with reduced stunting and underweight in children. We found little relation between health literacy and wasting. The absolute magnitude of the protective effect was greater in the rural site. Analyses controlled for a wide range of potential confounding variables, including maternal and paternal education and household wealth.
Findings from a recent systematic review of strategies to improve maternal and child nutrition by Bhutta et al. lend support to these results (39) . The review found that nutrition education in food-insecure populations had significant positive effects on child HAZ, WAZ, and stunting. The average RR of stunting in those receiving nutrition education compared with controls was 0.68 (95% CI: 0.60, 0.76), consistent with estimates of the beneficial effect of health literacy found in this study (39) .
Differences in the relation between maternal health literacy and stunting and underweight on one hand and wasting on the other also are consistent with current scientific evidence. Findings from the Demographic and Health Surveys conducted in 42 developing countries between 1994 and 2003 revealed a strong link between country economic development, household wealth, and maternal education to height-for-age and weight-for age, but not to weight-for-height (40) . According to the WHO, heightfor-age and weight-for age reflect the long-term health and nutritional experiences of individuals and populations, whereas wasting (low weight-for-height) indicates a recent and severe process of acute starvation, severe disease leading to nutrient losses, or the combination of both (37) . Child stunting and underweight are thus chronic forms of malnutrition that reflect the cumulative effect over time of daily circumstances, decisions, and actions (8) . In contrast, the etiology of wasting reflects severe acute causes, possibly offering less scope for familial intervention without concomitant changes in resources and circumstances (8) .
There are several reasons why maternal health literacy may have greater importance in the rural site. Compared with the urban slum pocket, the rural area suffers from greater poverty and insalubrity (38) and greater gender inequality and female illiteracy (20) and potentially has more scope to make dietary changes to improve nutritional status because most households engage in farming. The sources of urban malnutrition may be different. Delhi enjoys IndiaÕs highest per capita income and rapid economic growth (41) . Kirti Nagar is a slum inhabited by internal migrants from impoverished states. Food prices have escalated rapidly in recent years and may have placed consumption of a 1 n = 1116. Low, medium, and high health literacy categories were created by dividing a health literacy score into tertiles. HAZ, WAZ, and WHZ were calculated with reference to the WHO Multicenter Growth Reference Study population (27) . Standardized z scores have a mean 0 and an SD of 1. Coef, coefficient; HAZ, height-for-age z score; Ref, reference; WAZ, weight-for-age z score; WHZ, weight-for-height z score. 2 Model 1 describes the crude association between health literacy and a specific nutritional deficiency. 3 Model 2 adjusts for wealth quintile and motherÕs age. 4 Model 3 adjusts for wealth quintile, motherÕs age, presence of a toilet facility at home, parental education, religion, childÕs age, childÕs sex, and birth order. jn.nutrition.org healthy diet beyond the reach of DelhiÕs most vulnerable-the children of the poorest individuals. Both study sites suffer from high levels of gender inequality, economic deprivation, malnutrition, and food insecurity. The findings may be most relevant to areas with similar characteristics; relevance to other contexts should be investigated in future studies.
Conclusions. Child malnutrition in South Asia has proven to be particularly intractable. Education is critical to all dimensions of sustainable development (42) , and motherÕs schooling in particular is linked to child survival (43) and growth (40) . Gender inequality and female educational disadvantage are important factors in this region (7) . Our research in 2 deprived Indian populations suggests that maternal health literacy is an important determinant of child nutritional status, and thus a potential clue to unraveling the Asian enigma. Health literacy has been described as a personal asset that modifies risk or resilience to disease (44) . Unlike formal education, health literacy can be modified in the short term by increasing the availability and accessibility of health information and services in locally appropriate ways (21, 45) . The benefits are likely to be sustainable, leading to long-term improvements.
Our research underscores the potentially large gains to community-based nutrition education and promotion programs in this region (39) and the critical importance of investing in nutrition education and promotion to accompany the delivery of technical nutrition interventions (46) . Future evaluative studies are required to study the impact, sustainability, and costeffectiveness of health literacy interventions in practice.
